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The effects on the aerodynamic eharacteristics of"
skin wrinkles on the forward part of the upper surface
of two NACA airfolls have been investigated and the
results are compareéd with those obtained for the same
two airfolls in a smooth condition. - The airfolls used
were the NACA 66,1-115 and! 23015 sections. The wind-
tunnel investigation inoluded speeds up to a Mech
number of O. 75

-

L4 K

The results “showed that no. appreclable’ change in
normal-force or pitching-moment characteristics over .
the range of Mach number tested' (0.25 t6 0.73) was caused
by the wrinkle on an atrfoll sectidén. - The drag for the
wrinkled -configurdtions was grester than 'that for the
smooth .configurations. The wrinkles caused ' reduction
In the critiecsal- sgoed and a corresponding reduction 1in
the speed.at which drag force breeks occur. - The wake at
suberitical speeds spread an. insignificant amount, and
the "shock spread" of the wake "(the spread of the wake
due to shock on the airfoil} occurred at- lower Mach

- numbers for the wrinkled configuretions.than for the

smooth configurations, fThe results further indicated
thet the spen of the wrinkles tested hed no effect on
the Section aerodynamic charaoteristica. .

A theoretical calcu&ation of the preSSure distri-
bution over the ¥Wrinkles was mede and oompared 'with a
low-speed pressure measurement._ ' , ..

INTRODUCTION.'

L3

Airplane’ wings operating under high load conditions,
such as are encountered in gusts or pull-outs, msy have
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wrinkles developed on the skin, Although determining in
flight the profile of these wrinkles with a falr degree
of accuraecy is impractical, determining in flight the
load condlition under which these wrinkles occur is
relatively simple. Wrinkles similar to those observed
under flight condltions can thus be reproduced by
statlc-load tests. In order to determine the effects

of wrinkles of this type on the @erodynamlc charac-
teristics of an airfoll, tests in the Langley 8-foot
high=~speed tunnel were conducted with two representative
NACA airfoils having simulated typical wrinkles. The
wind~tunnel Iinvestigation included speeds up to a Mech
number of 0.73 and loads corresponding to conditions
simulating the 1l1ft coefficient required to produce

8 Lg pull-out throughout the high-speed range for an
airplane having a wing loading of [0 pounds per square
foot and flying at an altltude of 20,000 feet.

The airfolils selected for the wind-tunnel investi-
gation were the NACA 66,1-115 end 23015 airfoils. The
NACA 66,1-115 airfoil is representative of airfolls
giving high critical speed, and the NACA 23015 alrfoll
1s representative of earlier conventiongl airfolls
having thelr peak negative pressure farther forward.

The profile of the wrinkles selected for the tests
wers obtained from a full-scale static-load tést sSpecimen.
The wrinkles developed in the specimen consisted -
principally of depressions relative to the original surw-
face so that the crests of the waves did not project.
to any great extent above the original airfoll contour.
The chord of the specimen was 91 inches and the total
emplitude of the wrinkle was approximately 3/8 inch at
the section under the load at which the wrinkle profile
meagsurements were made. The wrinkles selected for the
present tests occurred in front of the forward spar of
the stetic=load test specimen; wrinkles developed bshind
the forward spar were not included in the wind-tunnel
tests since it 1s believed that these wrlnkles, because
of thelr large wave length, would .not seriously show up
in flight.

Theoretical caleculations of the pressure distri-
bution over the wrinkled NACA 66,1-115 alrfoll were
made by 2 combination of the Y"slope method" of refer-
ence 1 and the Theodorsen-Garrick method of reference 2
for en angle of attack of 0°, and these thecretical

a
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are compared hereln with the measured low-speed

SYMBOLS

Local - tatic essur
pressure cosfficlent (\oc pres%;;zmicSpresség;

section 11ft coefficlent . .. C e
section normal-Fforce coeffioient_:-----u

sectlion pitching-moment coefficient about quarter=
- chord point . .. Lo

sectlon profile-dreg coefficient -
sngle of attack a

velocl ty-increment ratic

free-stream velocity

velocity inorement above, free-stream velocity

distance from airfoil nose parallel to chord

- inches -

-_distence from airfioll chord perpendicular to chorad,

- inches; perpendicular to ‘tunnel center line -
for waks=location date - .

distance from smooth airfoil surface to wrinkled
-surfece . .

coordinate L34 wrinkled ‘surface on flat plate

measured from airfoil nose, inches

ooordinate of wrinkled surface on flat olate
- messured -from flat plate, ifiches (¥ = Ay)

-Mach number

_afpfoll chord, inches
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Subscripts:

wrinkle on flat plate
normal elirfoll

wrinkle on airfoil surface

upper wake boﬁﬁdary

t"d'—iZ%

"t lower wake boundary

cr eritical, that is, valus of variable when sonic
veloclity has just been attaslned in flow
around slrfeoll

max maximum

Other symbdls used in aﬁpendix are aefined as introduced.

P

~ . APPARATUS AND PROCEDURE

The tests were conducted in thé Langley 8-foot”
high=-8speed tunnel, which hes a single-return closed~
throat circular test sectlion. The power avalleble at
the time of the present tests limited speeds to M = 0.73.

The NACA 66,1-115 and 23015 &irfolls, which had
2li=inch chords, completely spanned the tunnel throat
a3 shown 1in figure 1. . Two types of wrinkles having.
different spans but the same chordwise shape were
1nvestlgated (figs. 2 to L). . Thess wrinkles were called
the long wrinkle and the short wrinkle and had spans
of -10 inches (0,417 chord) and 2 inches. (0.083l chord),
respectively. The wrinkled surface was simulated by
inserting blocks of the ‘desired shape so .that the leading
edge of the wrinkles was 0.5 inch (0.021 chord) bekind
the airfoll leading edge, and the tralling edge of the
wrinkles was 5.5 inches -(0.229 chord) behind the airfoil
leading edge. (See figs. 3 and l.) The amplitudes of
the wrinkles were approximately O.1 inch (0.00417 chord)
and the wave length was 2 ineches (0,083l chord). The
spanwise ends of the wrlinkles were falred to the smooth
alrfoil surface by fillets having a radius équel to the
departure of the wrinkled surface from the smooth surface.

T
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The fillet at a valley was faired 1nward and the fillet
at a, peak was faired outward.. ... ..

carbqrundum dust that. had a.mean diameter of O. OOSinch
was blown on a tacky shellac strip 3/32 inch (0,003%9 chord)
wide for the fixed-transition configuration. The leading
edge of this transition strip was placed spanwise on the
otherwise smooth model at the 0.,02l-chord station on the
upper surface-of the: NACA 23015 sairfolil. This location
corresponds to the lsading edge of the wrinkled surface.
The NACA. 66,1=-115 .airfoil was not tested in the fixed-
transition configuration because drag and critical-speed
data were available from unpublished tests previously
condncted.in the Langley 8-foot highpspeed tunnel,’

Profile. drag Was detormined from.m5a§ﬁr§—€nts obtained
by the weke-survey raeke placed: behind the airfoll (figs. 1
and '5) by the methods .of references. 3. . The wake-survey
reke was supported gn an auxiliary airfoil, oy & hori-
zontal strut, and could he moved from the tumnel vertical
center plane to 2l inches on either side of this plane,
as shown in figure 1. WiLth the model set at a = 09, the
total-pressure tubes of the rake were 37 inches (1.514!3 chords )
behind the trailin% edge of the NACA 66,1-115 airfoil and
19.81 inches (0.828 chord) behind the trailing edge of
the NACA 23015 airfoll. In order to measure the profile
drag of the wrinkled section, the rake was placed 15 inches
spanwise from the center line -of the model directly behind
the midspan of .the. wrihkle; AR order to measure the pro~
file drag of .the smooth—wing or fixed-transition con-
figurations, fhe rake was placed symmetrically on the -
other, side of the center line of tne model. The total~
pressure loss and the static pressures in the wake wers
measured on & multiple-~ tube-dnxagrating alcohol manometer.
Great care was exerclsed to keep -the model especially
clean during the wake-survey tests.

Simultaneous pressure measurements were made 8t
both spanwise stations for most of the runs. All the
pressures were measured by photographing a multiple-
tube tetrabromoethane manometer, : Pressure data were
obtained for the following configurations of the two.
NACA airfoils- S L ] oot
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NACA 66,1-115 airfoil NACA 23015 airfoll
Smooth wing Smooth wing
Long wrinkle Long wrinkle
Short wrinkle Trensition flxed at the
0.N21-chord station on
the upper surface

The wake-survey tests were not run simultasneously
with the pressure msasurements because the rake and
strut absordb enough power to reduce appreciably the
maximum tumnel speed. Drag data were obtained for the
same conflgurations as were the pressure data except
that drag wes not measured for the short wrinkle of
the NACA 66,1-115 airfoil.

RESULTS AND DISCUSSION

Pressure Distribution

Measured pressure dlstributlon.~ A representative
group of the pressure distributlions obtalined are pre=-
sented in figures 6 to 12 for the NACA 66,1-115 airfoil
and 1in figures. 13 to 18 for the NACA 23015 airfoil.

The short-wrinkle pressure distributions and the long=
wrinkle pressure distributions agreed qulte closely:
therefore only one group, for the long wrinkle, ls
presented 1n the present paper. A comparison of the two
sete of data was expected to show the effects of spanwilse
flow that were belleved to exist; the flow for both
wrinkles was, howsver, apparently the same.

When comparisons were availeble, the pressure dis=-
tributions for the fixed-transition and smooth-airfoll
conflgurations are shown to agree fulte closely (figs. 13
to 17); furthermore, for the range investigated the
pressure recovery at the tralling edge behind the
wrinkle is simllar to that for the smooth aslrfoll,
whlch indlcates that any separation that does occur
i1s not due to the wrinkls,

With increasing engle of attack the largest peak
over the wrinkle on the NAGA 6b~series alrfoll moves

6
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to thé more forward peaks (for example, figs. 7 and 1l)..
This .forward movement of the peak over the wrinkled
airfoil is due - to the forward movement of the peak .
over the normal alrfoll. For the NACA 23015 eirfoll
(figs. 1% to 18), in which the pressure distribution
of the inormal ‘alrfoll does not have so sharp & .pegk
at. the''nose iab high angles of attack as that of the
NACA 66,1-115 airfoil, the largest peak over the
wrinkle retains at the same location regardless of .
the verlation in angls of attack or speed. , ..
Theoretical ressure dlstributlon.- The pressures .
for the upper suf%ece of the wrinkled NACA 66,1-115 alr-
foll were computad for an angle of attack of O° by &
combinstion of the slope method (reference 1) and the ...
Theoaoreen-Garrick method (reference 2). The slope method,
which"is glven 1in the appendix, was used to compute the
veloclty-increment ratlio over the wrinkle developed on &
flat plate "{fig. ). This velocity-increment ratio was
e&ded to that obtained for the smooth alrfoll (fig. 19)
by’ the method of reference 2. The totel velocity=-
increment ratio was then converied to pressure coeffi-
clent. 1In figure 20 the theoretical pressure ceeffi-"
clents are compared with the pressure coefficlents neasured
at o = 0% and M = 0.250. Measuring the peak pressures
when the gradlents are sharp and steep is inherently
difficult; also, local separatlon mey occur. Both of
these effects would cause the measursd valués to appear
less severe than the calculated values at the peaks
and valleys. The feiring for the measured vressure
distribution 1s .thet customarily used but is, however,
quité erbitrary. It is possible to Ffair through the '
measured pregsure coefflclents and obtaln better agrée-:
ment with the calculated curve than that shown in fig-
ure 20. fThe calculated values alsoc are subject to small
errors causSed by fitting the equatlons of- the wrinkled -
surface to the asctual surface. Despite this difference
in the fairing, the 1ift and the piltching-moment coeffi-~
clents obtalned from either the calculated or the
measurea pressure distributions agres quite closely
beceause & peak. difference ig compeneated by a valley
difference.

Section Normel-Force Coeificlent

The pressure distrlibutions were integrated graphie-
cally to obtailn the curves of ssection normal-force

7
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coeffleient that are presented in figures 21 and 22.
Some polnts for fairing these .curves, where M = 0,250
and data weére mlssing, were obtained by interpolation
from plots of ¢cn &against. -a,.

Filgures 21 and 22 show that, for the range of

speed and angle of attack tested, the varlation of cy
with speed for the wrinkled, the " fixed-transition, or
the smooth configurations remalins. the same. ' It may be
concluded, therefore, that no large detrimental effects
are caused by the wrinkle or the fixed-transitlon con-
figuration. 1In fact, at suberitical speeds a sllight
increase in ®Nmax 1s possible for wrinkles of the size

Investigated and in the location tested. This increase
probably results because transgition 1s flxed at the
region of the wrinkle, and the turbulent boundary layer
that ensues may delay separation. Keference l shows
that, when small roughness was placed at several posl-
tions on the upper surface of the NACA 63(L20)-L22 air-
foll, an increase in ¢, or ¢ was obtained;

' max Diax
although, when roughness was placed on the nose of the
airfoil, a decrement to czmax was experienced.

Section Pitching-Moment Coefficient

The section pltching-moment coefficlents were
obtalned by integrating the chordwise predsure dlstrie
bution to obtain the piltching moment about the quarter=
chord voint; the asmell contributlon of the chordwise
forces was neglected. The data for smooth and wrinkled
sections of the NACA 66,1-115 airfoil are presented in
figure 232, fThe sectlion pltching~moment coefficlents
for the smooth, the wrinkled, and the flxed-transltion
configurations of the NACA 23015 airfoll are compared
in figure 2.

on the sectlion pltchling-moment coefflcients 1s nelther
consistent nor large. The wrinkle or fixing transition,
therefore, may be concluded to have no serious effect
on the pitching-moment characteristics of the alrfolls
for the range investigated.

L)
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Section Proflle-Drag Coefficlent

The section profile-drag-cosfficients abe presesnted
for the NACA 66,1-115 airfoll in figure 25  8nd for the
NACA 23015 airfoil in figure 26, The .datd‘for the
fixed-transition configuration of the NACA 66,1-115 air-
foll are from unpublished tests previocusly mads in the
Langley 8-foot high-spssd tunnel. o

Reference to figure 25 shows that the drag of the
NACA 66,1-115 airfoll is increased for .the wrinkled
configuration. Through the subcritical spesd:range.
the drag increment dues to the wrinkle is somswhat less
than that caused by fixing trensition on both surfaces.
A perceptible drag rise (drasg force break) is reached
at lower speeds for the wrinkled configurastion than
for the smooth or the fixed-transition cohfiguration.

Figure 26 shows that at subcritical speeds the drag
increment due.to the wrinkle on the NACA 23015 airfoil
is equal to or slightly larger than the incremsnit due
to fixing transition on the upper surface only at the
leading edge of the wrinkle. - This equality indizated
that the drag increment due to ‘the wrinkle et-suberitical
speeds 1ls malnly caused by moving the trensitiocn point
to the region of the leading edge of .the wrinkle. : The
drag rise for the wrinkled wing is seen to occur at a
lower Mach number than the drag rise for the -smooth
wing or for the fixed-transition configuration.

Wake Locatioﬁ'ﬂ '

Plots of wnoint drag coefficient against vertical
distance from the chord were used to .obtalin the ‘'wake
boundary behind the airfoll. -The positlon where the
point-drag-coefficient gradient is first squal to zero
1s considered the boundary of the waks. This point is
obtained from falred curves of point drag coefficient
dcdq/&y against vertical distance .y, typlcal curves

of which are presented in figure 27. °
The distance 7y, in inches, (fig. é) was measured
vertically from the airfoll chord ekxtended to the wake-

boundary measuring plane. The datd were then reduced
to nondlmensional form by dividing y by the ailrfoil

g
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chord e¢. This value y/c¢ for the upper and the lower
limit of the wake is plotted against—Mach number in
figure 28 for thes NACA 66,1115 airfolil. The wake
location for the NACA 23015 airfoil is presented in
flgure 29. - :

In figures 28 and 29, the spread of the wake at
suberitical speeds 13 shown to be only slightly wider
for the wrinkled and the fixed-transition configurations
than for the smooth conflguration. The "shock spread®
of the wake (the spread of -the wake due to shock on
the airfoil), however, occurs at lower speeds for the
wrinkled conflguration than for the smooth airfoll,
whereas it cccurs at the same speed for the fixed~
transition airfoil as for the smooth airfoll.

Critical Speed

Criticel speed 1s defined a8 the undisturbed alr-
speed whén sonic veloclty 1s first attained in the flow
around an alrfoll. The variation of critical Mach
number with section normel-force coefficlent for the
NACA 66,1«115 airfoil is plotted in figure 30(a). The
single voint for fixed trensition was acquired from
unpublished dats obtained in the Langley 8-foot high=-
speed tunnel. The critical-speed data for the NACA 23015
airfoll are given in figure 30(b).

Figures 30(a) and 30(b) show that the critical
speeds for the filxed-transition and the smooth-wing
configurations are spproximately equal to ezch other for
each of the alrfolls tested. The.crltical speeds for
the wrinkled conflguration are lower than those for the
smooth elrfoll, the wrinkled NACA 23015 alrfoll suffering
a more severe loss of critical speed than the wrinkled
NAGCA 66,1~115 atrfolil,

In splite of the lower critical spsed for the
wrinkled configurations, the normal force break appears
to occur at a speed at leest as high for the wrinkled
configuration as for the smooth configuration., This
phenomenon indicates that localized compresslon shocks
will not necessarily cause normal force breaks to occur,
The rise in drag indicated by ths curves of cd, against

M (figs. 25 and 26) for the wrinkled configurations,
however, does occur at the respective critical speeds.

10
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Alrplene Performancs

Because no appreclable change in normasl force or
pltching moment 1s caused by the wrinkle, there will be
no important changes in the stability of the sirplene
at subcritical speeds. The speed of the alrplane,
however, wlll be adversely affected by an inerease in
drag when wrinkles occur on the airfoll surface. It
has previously been Indicated that, at & given angle
of attack and Mach number, the wake of the wrinkled
section at supercritical speeds is wider than that of
the smooth section; therefore additional attention
should be glven to the tall location when wing wrinkles
may oceur in flight.

Wrinkles that would not cause the flow to separate,
formed farther back than the ones tested, will »robably
have less effect on the alrplane performance. A&n effect
of the wrinkle is to fix the transition point; hence
wrinkles farther back would not cause so much of the
airfoil to be subjected to the turbulent boundary-layer
flow, and the expected effect will ne¢essarlly be less
for the wrinkles that sre farther back than the ones
tested,

CONCLUSIOKS

The NACA 66,1-115 and 23015 airfoil sections in
smooth and wrinkled conditions have been investigated
in the Langley 8-foot high-speed tunnel. Effects of
skin wrinkles, which had spans of 10 inches and 2 inches,
on the forwsrd part of the upper surface of the two air-
foils indicated the following conclusions:

le The wrinkles did not appreciably change the
normal-forece or the pitching-moment characteristics of
the airfolls.

2e The critical speed of the airfoll was lowsered
by the wrlnkle; however, the speed at which the section
pltching-moment and section normal-force curves break
remeined unchenged for all vrsactical purposses.

3. The drag increment due to the wrinkle at sub-
critical speeds was appreclable and the drag force

11
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break for the wrinkled configurations occurred ayp
lower Mach numbers than for the smooth configurations.

L, The wake at subcritical speed spread an
insignificant amount due to the wrinkle, end the"shock
spread’' of the wake (the spread of the wake due to shock
on the alrfoll) occurred at lower Mach numbers for the
wrinkled configurations than for the smooth configureations,

5 The wrinkles effectively fixed transition in the
‘region of their lsadling edge.

6. The span of the wrinkles tested had no effect on
section aerodynamic characterlstics,

Langley Memorial Aeronauticai Laboratory
Netional Advisory Commlttoe for Aeronasutics
Langley Fleld, Va., June 11, 1946
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) . APPENDIX

EQUATIONS FOR COMPUTATION OF THE PRESSURE
DISTRTI BUTION OVER A WRINKLED ATRFOIL

A oarticular aonlication of the slope method (refer=~
ence 1) is used to obtain equations for computation of
the pressure distribution over a wriikled sirfoll. The
equations apply for any surface that can be constructed
by employing stralght lines and circular arcs, provided
the thickness ratio of the airfoils and of the wrinkles
1s not too large.

By use of reference 1 the velocity~lncrement ratlio
due to the wrinkles at X = X, 1s

d¥Y

o] . .
(ezp_) 1| T (1)
114
vV /x4 o ¥s = X

v

The wrinkle may be expressed, in regions, as straight-
line and circular-arc functions of X. (See fig. L.)
It is. convenlent therefore to express equation (l) as
follows:

X 4y |
( > T A (2)
S -7 X1 Xg = X

where X = O inch and Xg = 2l tnches. For a straight-
line part of the wrinkle bstween 1 - 1 and 1 )

1 & %dx BN B /i)
= B - [105 (X - W] H (5
Xy ¥t F O TH - X Xy -1

13
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For a clrcular-arc part of the wrinkle between 1 - 1
and 1 -

X £ ax o '
i aX - i1
"f X, - X Qe+¢9__ﬁ AL O (La)
X-1 o -
. t@- B + B) 1£ N> 0 (o)
=.t<% B + c;) 1f A =0 (Lo)
where ) |
X - X
g = [sin"l cx]
“&y -1
o .
i=-fLfo]?
VEA T TR
L] Xi
B = ——:l:l geC * V& k)l
/2 X - X
° VK‘JXi-l
1w X1
N W[x - x;}
Xy-1
and
- - A\ | ¥
2 o (e
"Xy r(X - Xg) %,
-1

w=h + 2k(X - %) - (X ~ X,)°

1

ol
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2 R

k =_°X - X
cx absclissa of arc center
r radius of arc
i -number assigned to tangent points
g number of tengent points (16 for this application)
Xgq point for which %% 1s being computed

If the circular arc 1s concave upward the negatlive sign
is used in equation (L).

When equations (3) and (L) are integrated and added
as indicated in equation (2), the velocity-increment
ratio due to the wrinkle 1s obtained for any desired
polnt X = Xg. This velocity-increment ratio 1ls then
added to the velocity=-increment ratio for the smooth
wing EYE at X = Xg, which was obtained from figure 19

v _
by the. method of r%ference 2. The total velocity-

A N
increment retio -vz for the wrinkle and smooth section

was then converted to pressure coefficient by the
incompresslible~-flow relation

v v
p:-ﬁ__T.(.A__?..;.g) (5)
v A

A sample computation of P for X, = 1.27L 1is given
in tablse T.

15
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TABLE T
SAMPLE COMPUTATION OF P FOR Xg = 1.27L INCHES
(5.31 PERCENT CHORD)

X 92X gy
Reglon if ax
v X =~ X
X 08
0 -1 0
1 -2 -, 00332
2 - z -, 006268
E - ~.10348
-5 -.06570
2 -6 = 00717
- E . 01070
g - »01158
-9 0
9 - 10 . 00099
10 - 11 .00817
11 - 12 -.00151
12 - l qOOLl.g
1 - 1 "'000113
il -~ 1 .001
15 ~ 1
égi
L— "Oc 2282
1=1
AV
~2 = _0,2282
v
AVy
— = 0.1270 (from fig. 19)
AV AV AV
T . WP + N = -0,1012
v
v
P = T< 2) 0.192

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Figure 1.- Wing and rake in the Langley 8-foot high-speed tunnel.
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SHORT-WRINKLE BLOCKS INSERTED IN
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NACA TN No. 1121 : Fig. 6
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Fig. 6 conc. NACA TN No. 1121
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~ NACA TN No. 1121 ' Fig. 7
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NACA TN No. 1121 Fig. 8
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Fig. 8 conc. ’ . NACA TN No. 1121
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NACA TN No. 1121 Fig. 9
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Fig. 10 NACA TN No. 1121 _
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NACA TN No. 1121 Fig. 11
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Fig. 12 NACA TN No. 1121
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NACA TN No. 1121 ‘ ) Fig. 13
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NACA TN No. 1121 . Fig. 14
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Fig. 14 cont.
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NACA TN No. 1121
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Fig. 15 NACA TN No. 1121
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NACA TN No. 1121

)

b

b N O

M=0.550

| 1]

~
N

B

Pressure  coefficient P

!
R
S

/

——

)
.

]

M=0.474

I

L L

0 20 20
Fercent

Smooth section— Fixed fransition---—

Upper surfoce ©
Lower surfoce 8

&0
chord

.80

lpper surface &
Lower surfoce a

Figure /5. — Continued

Fig. 15 cont.

= . \ Fer
2, k ‘%\(,\_

P

w_.

- Wrinkled section .

Upper sirfacee T =
tower surfoced e



Fressure  coefficent, P
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NACA TN No. 1121 Fig. 16
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Fig. 17 NACA TN No. 1121
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NACA TN No. 1121 ; - Fig. 18
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NACA TN No. 1121
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Figure29.- Continued.
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